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Figure 1b
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Figure lc
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Figure 1d
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Figure 2
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Figure 3
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Figure 7
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Figure &
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Figure 9
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Figure 12
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SOLID ACID ELECTROLYTES FOR
ELECTROCHEMICAL DEVICES

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application 1s a continuation of U.S. patent applica-
tion Ser. No. 12/176,940, filed Jul. 21, 2008, now abandoned,

which 1s a continuation of U.S. patent application Ser. No.
10/211,882, filed Aug. 1, 2002, now U.S. Pat. No. 7,416,803,

which claims priority to U.S. Provisional Application Ser.
Nos. 60/309,807, filed Aug. 1, 2001; 60/355,362, filed Feb. 6,
2002 and 1s a continuation-in-part of U.S. patent application
Ser. No. 09/439,377, filed Nov. 15, 1999, now U.S. Pat. No.
6,468,684, which claims priority to U.S. Provisional Appli-
cation Ser. Nos. 60/116,741, filed Jan. 22, 1999; 60/146,946,
filed Aug. 2, 1999; and 60/151,811, filed Aug. 30, 1999 the
disclosures of which are incorporated herein by reference 1n
their entirety.

STATEMENT AS 'TO FEDERALLY SPONSORED
RESEARCH

The mvention described herein was made 1n performance

of work under contracts to the National Science Foundation
|DMR-9902882] and the Office of Naval Research [NO0014-

01-1-0304 and N00014-02-1-0192], and 1s subject to the
provisions of Public Law 96-517 (U.S.C. 202) 1n which the
Contractor has elected to retain title.

FIELD OF THE INVENTION

The present mvention relates to electrolytes for electro-
chemical devices, methods of synthesizing such materials,
and electrochemical devices incorporating such materals;
and more particularly to electrolytes made from novel solid
acid materials.

BACKGROUND OF THE INVENTION

Electrochemical devices depend on the flow of protons, or
the flow of both protons and electrons, through a proton
conducting material, such as a membrane. Accordingly,
materials which conduct protons, or both protons and elec-
trons, have applications as electrolytes or electrodes in a
number of electrochemical devices including fuel cells, elec-
trochemical or supercapacitors, sensors, hydrogen separation
membranes and membrane reactors.

One particularly important application for these materials
1s 1n fuel cells. Fuel cells are attractive alternatives to com-
bustion engines for a wide variety of applications, because of
their higher efficiency and the lower level of pollutants pro-
duced from their operation. There are three common types of
tuel cells relevant to this patent: 1) a direct hydrogen/air tuel
cell system, which stores hydrogen and then delivers it to the
tuel cell as needed; 2) an indirect hydrogen/air fuel cell, 1n
which hydrogen 1s generated on site from a hydrocarbon fuel,
cleaned of carbon monoxide, and subsequently fed to the tuel
cell; and 3) a direct methanol fuel cell (*DMFC”), which
feeds a methanol/water solution directly to the fuel cell. An
example of this later fuel cell was described, for example, 1n
U.S. Pat. No. 3,559,638, the disclosure of which 1s incorpo-
rated herein by reference.

Regardless of the fuel cell design chosen, the operating
elficiency of the device 1s limited by the efliciency of the
clectrolyte at transporting protons. Typically, pertlourinated
sulphonic acid polymers, polyhydrocarbon sulfonic poly-
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mers, and composites thereot are used as electrolyte mem-
brane materials for fuel cell. However, these conventional
materials utilize hydronium ions (H,O™) to facilitate proton
conduction. Accordingly, these materials must be hydrated,
and a loss of water immediately results 1n degradation of the
conductivity of the electrolyte and therefore the efficiency of
the fuel cell. Moreover, this degradation 1s irreversible, 1.€., a
simple reintroduction of water to the system does not restore
the conductivity of the electrolyte.

As a result, fuel cells utilizing these materials require
peripheral systems to ensure water recirculation and tempera-
ture control to keep the water from evaporating. Not only do
these systems increase the complexity and cost of these fuel
cells, but because the system cannot exceed a temperature of
100° C. the fuel cell catalysts and other systems cannot be
operated a maximum elficiency. Higher temperatures would
also reduce carbon monoxide poisoning of the fuel cell cata-
lyst.

It has recently been shown that the solid acids such as
CsHSO, can be used as the electrolyte 1n fuel cells operated at
temperatures of 140-160° C. Use of this material greatly
simplifies Tuel cell design relative to polymer electrolyte fuel
cells because hydration of the electrolyte 1s not necessary and,
because of the elevated temperature of operation, residual CO
in the fuel stream can be better tolerated. The high conduc-
tivity of CsHSO, and analogous materials results from a
structural phase transition that occurs at 141° C. from an
ordered structure, based on chains of SO, groups linked by
well-defined hydrogen bonds, to a disordered structure in
which SO, groups freely reorient and easily pass protons
between one another. Thus, disorder 1n the crystal structure 1s
a key prerequisite for high proton conductivity.

Ultimately, solid acid electrolytes may solve many of the
problems facing state-oi-the-art polymer based fuel cells.
These problems include nability to operate at temperatures
above 100° C. (which would increase the CO tolerance of the
Pt catalyst), humidification requirements, and methanol per-
meation across the electrolyte. The technological objectives
of this work are thus to simply fuel cell operation by use of
alternative electrolytes. However, the lifetime of these suliate
and selentum based solid acids 1s insuificient for commercial
applications. The poor lifetime of both CsHSO, and CsH-
SeO, under fuel cell operating conditions results from the
reduction of sulfur and selentum by hydrogen in the presence
of typical fuel cell catalysts, according to:

2CsHSO,+4H,--->Cs, SO +H,S+41L,0.

Accordingly, a need exists for solid acid compounds with
high proton conductivity that are stable under fuel cell con-
ditions, and processing methodologies that lead to high per-
formance membrane-electrode-assemblies (MEAs) based on
these solid acid compounds.

SUMMARY OF THE INVENTION

Accordingly, the present invention 1s directed to a stable
clectrolyte material comprising a solid acid capable of form-
ing hydrogen bonds and undergoing rotational disorder
capable of extended operation at elevated temperatures, such
as, for example, solid acids having a tetrahedral or octahedral
hydrogen bonding anion group; a superprotonic trigonal dis-
ordered phase; and/or being capable of operating at tempera-
tures of ~100° C. Specifically, the current invention 1s
directed to several classes of improved solid acid electrolyte
materials, methods of synthesizing such materials, and elec-
trochemical devices incorporating such materials.
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In one embodiment, the invention 1s directed to an electro-
lyte comprising a solid acid having a superprotonic trigonal

phase. In one such embodiment, the solid acid may be chosen
from phosphate species of the general form: (M M', _ );H;
(PO,),, where M 1s any alkali or transition metal or other
functional group having a +1 charge, such as, Li* . . . Cs™,
NH_,*; and M' 1s any alkaline earth or transition metal having
a +2 charge, such as Mg”* . . . Ba®*, Pb>*. Alternatively, the
solid acid may directed to a mixed phosphate compound
having the general form: M H, [(P,_.,S1)O0,], or M ;H,_
[(P,_..Ge )O,], where M 1s any alkaline or transition metal
having a +2 charge, such as Mg>* . . . Ba**, Pb**.

In another embodiment, the invention 1s directed to an
clectrolyte comprising a solid acid having a tetrahedral anion
chosen from the group PO,, PO.F and PO,H. In such an
embodiment, the solid acid may be of the general form:
MH, ,(PO5A),_(PO,), and M;HX[(PO;A)(PO,),_,],.
where M 1s any alkali metal or other functional group having,
a+1 charge, suchas, Li7...Cs",NH,",and A 1s F or H. Thus,
the solid acid species may be chosen from monotluorophos-
phate and phosphite species or from mixed monotluorophos-
phate/phosphate and mixed phosphite/phosphate species.
Finally, the solid acid species may also be chosen from mol-
ecules having mixed chromate/phosphate tetrahedral anion
species. Such molecules have the general form: MH, .
(CrO,),_(PO,), and M,Hx[(CrO,) (PO,),_.],, where M 1s
any alkaline metal or other functional group having a +1
charge, such as, L1 ... Cs™, NH,".

In still another embodiment, the invention 1s directed to an
clectrolyte comprising a solid acid having an octahedral
anion. In such an embodiment, the solid acid may be chosen
from fluorosilicates and germinates of the general form:
MHSi1F . and MHGeF ., where M 1s any alkaline metal or other
functional group having a +1 charge, such as, Li* . . . Cs™,
NH_*. The solid acid may also be chosen from mixed phos-
phosilicates and phosphogermanates of the general form:
MH_ (P,_ S1)F. and MH (P,_ Ge )F ., where M 1s any alka-
line metal or other functional group having a +1 charge, such
as, .17 ...Cs™, NH,". The solid acid may also be chosen from
compounds with aluminum fluoride octahedral anion groups
AlF..

In yet another embodiment, the ivention 1s directed to a
membrane comprising the solid acid electrolyte. In such an
embodiment, the mnvention may further comprise a structural
binder or matrix material to enhance the mechanical integrity
and/or chemical stability of the membrane. In these embodi-
ments the binder may comprise any suitable stabilizing mate-
rial, such as, for example a polymer, a ceramic, or an oxide
glass.

In st1ll yet another embodiment, the invention 1s directed to
an electronically conducting matrix material, such as a metal
or a carbon based material.

In st1ll yet another embodiment, the invention 1s directed to
methods of synthesizing the solid acids according to the cur-
rent invention.

In st1ll yet another embodiment, the invention 1s directed to
an electrochemical device incorporating the solid acid elec-
trolyte. In such an embodiment the electrolyte may be incor-
porated 1nto any electrochemical device requiring a flow of
either protons or protons and electrons across a membrane to
function, such as, for example, a fuel cell, a hydrogen sepa-
ration membrane, or an electrolysis cell.

BRIEF DESCRIPTION OF THE DRAWINGS

These and other features and advantages of the present
invention will be better understood by reference to the fol-
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4

lowing detailed description when considered 1in conjunction
with the accompanying drawings wherein:

FIGS. 1a to 1e show graphical representations of the prop-
erties of an exemplary CsH(PO,H) solid acid according to the
current invention:

FIG. 2 shows a graphical representation of the temperature
decomposition properties ol exemplary solid acid electro-
lytes under mitrogen according to the current invention;

FIG. 3 shows a graphical representation of the conductivity
properties of exemplary solid acid electrolytes under air
according to the present invention;

FI1G. 4 shows a graphical representation of the conductivity
properties of exemplary solid acid electrolytes according to
the present invention;

FIG. 5 shows a graphical comparison of the decomposition
properties of conventional (CsHSO, ) and exemplary solid
acid electrolytes under hydrogen according to the present
imnvention;

FIG. 6 shows a graphical comparison of the decomposition
properties of conventional (CsHSO,) and exemplary solid
acid electrolytes under vapor phase methanol according to the
present invention;

FIG. 7 shows a graphical representation of the temperature
decomposition properties ol exemplary solid acid electro-
lytes under nitrogen synthesized according to the current
invention;

FI1G. 8 shows a graphical representation of the conductivity
properties of exemplary solid acid electrolytes synthesized
according to the current invention;

FI1G. 9 shows a graphical representation of the conductivity
properties of exemplary solid acid electrolytes synthesized
according to the current invention;

FIGS. 10aq and 105 show a pictorial reproduction of exem-
plary membranes made of exemplary solid acid electrolytes
according to the current invention;

FIG. 11 shows a schematic of an exemplary hydrogen/air
tuel cell using an exemplary solid acid electrolyte membrane
according to the current invention;

FIG. 12 shows a schematic of an exemplary direct metha-
nol fuel cell using an exemplary solid acid supported by a
binder according to the current invention;

FIG. 13 shows a schematic of another exemplary hydrogen
separation membrane using an exemplary proton conducting
solid acid according to the current invention;

FIG. 14 shows a schematic of an exemplary hydrogen
separation membrane using an exemplary mixed electron and
proton conducting solid acid according to the current inven-
tion; and

FIG. 15 shows a schematic of an exemplary embodiment of
a membrane reactor using an exemplary solid acid according
to the current invention.

DETAILED DESCRIPTION OF THE INVENTION

The present mvention 1s directed to a stable electrolyte
material comprising a solid acid capable of forming hydrogen
bonds and undergoing rotational disorder and capable of
extended operation at elevated temperatures, such as, for
example, solid acids having a tetrahedral or octahedral hydro-
gen bonding anion group; a superprotonic trigonal, tetragonal
or cubic disordered phase; and/or being capable of operating
at temperatures of 100° C. and higher. Such materials are
referred to as “solid acid electrolytes” or “electrolytes™
herein.

The term solid acids used herein refers to compounds
which have properties that are intermediate between those of
a normal acid, such as, H,SO,, and a normal salt, such as,
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Cs,SQO,. In general, the chemical formula of the solid acids of
the type used according to the present invention can be written
as a combination of the salt and the acid, such as, CsHSO,
(0.5 Cs,50,*0.5H,50,,), which was previously described 1n
U.S. patent application Ser. No. 09/439,3777, filed Nov. 15,
1999, the disclosure of which 1s mcorporated herein by ret-
erence. Solid acids generally comprise oxyanions, such as,
for example, SO, SO,, SeO,, SeO,, PO,, PO,F, PO,H AsO,,
SiF . or AlF etc., which are linked together viaO—H ... O
hydrogen bonds. In addition, they contain cations for overall
charge balance. The structure may contain more than one type
of oxyamon X0O,, XO; XO;A or XF, group, and may also
contain more than one type of cation M species. Under certain
conditions of temperature and pressure, generally between
about 50 and 100° C., the crystal structure of these solid acids
becomes disordered. Concomitant with this disordered state,
known as the superprotonic phase, 1s an increase of the con-
ductivity of the solid acid, often by several orders of magni-
tude, to between about 10~ to 107* Q~'cm™'. Because of the
structure of these solid acids, the proton transport mechanism
does not rely on the motion of hydronium 1ons. As a result,
solid acids do not need to be hydrated to function and can be
operated at elevated temperatures to increase efficiency and
reduce the potential for poisoning contamination of the cata-
lyst medium 1n the electrochemical device.

Although several conventional superprotonic sohid acid
species are discussed above, these materials generally suffer
from by hydrogen 1n the presence of typical fuel cell catalysts,
such as, for example, the reduction of CsHSO, to H,S accord-
ing to:

2CsHSO,+4H,--->Cs,S0,+H,S+411,0.

A similar reduction reaction occurs for CsHSeO,.

In addition, many solid acids are water soluble, such as
CsHSO, and CsHSeO_, and thus do not have long lifetimes 1n
the presence of liquid water

Accordingly, the current invention 1s directed to improved
solid acid structures which do not suffer from reduction in the
presence of catalytic materials such as Pt and other transition
metal elements. Indeed, any solid acids having a tetrahedral
or octahedral hydrogen bonding anion group; a superprotonic
trigonal disorder phase; and/or being capable of operating at
temperatures of ~100° C. 1n the presence of typical tuel cell
catalysts may be utilized as an electrolyte maternial in the
current invention.

For example, Applicants have discovered that by replacing
the Sulfur (or Se) of superprotonic solid acids with elements
such as S1 and Ge the reduction reaction can be avoided
because analogous reduction compounds such as H,S1 and
H,Ge are extremely unstable. Thus, for example, superpro-
tonic acids such as LaHS10,,, BaH,S10,,, and SrH,GeO,, etc.
are preferably used 1n the devices and materials of the current
ivention.

In one exemplary embodiment, the invention 1s directed to
a solid acid having a disordered trigonal phase and a tetrahe-
dral anion. For example, 1t 1s well known that the compounds
Pb;(PQO,), and Rb,H(SeO, ), are essentially 1sostructural at
room temperature, with the exception of incorporated protons
in the selenate compound. Upon heating, both undergo a
transition to a disordered, trigonal phase. Because of the
incorporation of protons into the selenate, this disorder is
accompanied by an increase of protonic conductivity by sev-
eral orders of magnitude.

Accordingly, 1n one exemplary embodiment of a solid acid
clectrolyte according to the invention having a trigonal dis-
ordered phase and a tetrahedral amion the solid acid electro-
lyte 1s chosen from the phosphate species of the general form:
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(M,_M');H,(PO,),, where M 1s any alkaline earth or tran-
sition metal having a +2 charge, such as Mg=* . . . Ba**, Pb**;
and M' 1s any alkal1 metal or other functional group having a
+1 charge, such as, Li* . . . Cs*, NH,". Incorporation of
protons 1nto the phosphate compounds, by substitution of an
alkali metal or ammonium 1on onto the alkaline earth site,
g1ves rise to a superprotonic high conductivity trigonal dis-
ordered phase. An exemplary intermediate alkali-alkaline
earth acid phosphate, as tormulated here, 1s Na,CaH,(PO,),.

In a second exemplary embodiment of trigonal solid acids
having tetrahedral anions according to the invention, protons
are introduced into the trigonal compounds such as Pb,
(PO.,), by substituting species such as Si** and Ge™* for the
P>*. The reduction in positive charge can then be balanced by
incorporated protons. For example, 1n such an embodiment,
suitable solid acids can be chosen from the group described
by the form: M H, [(P,_ .,S1)0,],and M H, [(P,__,Ge )O,]
where M 1s any alkali or transition metal having a +2 charge,
such as Mg=* . . . Ba**, Pb**.

In another embodiment directed to a solid acid electrolyte
material having a tetrahedral amion, the tetrahedral amion
group, PO,F, 1s utilized. It 1s well-known that PO,F, 1s 1s0-
electronic with SO, and also shares chemical properties. For
example, the compound CsHPO,F 1s known in the literature,
and has a room temperature structure which shares some
similarities to the superprotonic tetragonal structure of
CsHSQO,. The proton content 1n monotluorophosphate solid
acids can be increased by introducing phosphate anions
according to the general chemical formula MH, . (PO,F),_,
(PO4)_, which includes the simple compounds MHPO,F, 1n
analogy to known MH,_ (S0,),_.(PO,)_ compounds. The
PO,F anion can be utilized to replace SO, not only 1n com-
pounds of general stoichiometry MHSO,, but also 1n those

with stoichiometry M, H(SO,),. Accordingly, 1n yet another
embodiment of a solid acid having a tetrahedral anion, the
solid acid may be chosen from monofluorophosphate and
mixed monofluorophosphate/phosphate species of the gen-
eral form: M;H(PO,F), and M;H,_, [(PO,F),_ (PO.),]-.
where M 1s any alkali metal or other functional group having
a +1 charge, such as, L17 ... Cs™, NH,".

Still another type of tetrahedral group that can be consid-
ered a viable substitute for SO, (or SeO,) 1s PO,H. The
chemical similarity between SO, and PO H, 1s somewhat less
than that between SO, and PO,F, because the P—H bond 1s
quite distinct. Nevertheless, the room temperature structures
are built on similar hydrogen bonded tetrahedral units. Sev-
eral compounds in the MH(PO,H) family are known, includ-
ing CsH,PO,, KH,PO,, LiH,PO; and NH_,H,PO,. In com-
parison to compounds such as CsH, PO, 1t 1s noteworthy that
the oxidation state 1s +3 rather than +5, and thus the phosphi-
tes are unlikely to be susceptible to reduction during fuel cell
operation. Accordingly, i yet another alternative embodi-
ment the tetrahedral solid acid species may be chosen from
mixed phosphite and phosphite/phosphate species of the gen-
eral form: MH(PO,H), M,H(PO; H),, MH,_ (PO;H),_,
(PO,)., and M, H,_, [(POH),_ (PO,),.], where M 1s any
alkali metal or other functional group having a +1 charge,
such as, L.i7...Cs™, NH, .

Moreover, the Applicants have discovered that solid acids
in which the sulfate group 1s replaced with the phosphite will
have similar structures, phase transitions and proton transport
properties to CsHSO,,, but advantageously will not show the
degradation from the production of H,S. High temperature
ivestigations of the compound CsH(PO,H) (or CsH,PO;,
cesium hydrogen phosphite) revealed that this material
undergoes a transition, with an onset of 137° C., to a phase of
high proton conductivity. These results are summarized in
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FIGS. 1a to 1e, discussed below. The transition 1s accompa-
nied by a large heat of transformation, AH=58+2 J/g
(12.4+£0.4 kl/mole), and exhibits measurable hysteresis,
occurring at 96° C. upon cooling, as shown 1n FIGS. 1a to 1c.
High temperature X-ray powder diffraction showed that the
high temperature phase is cubic, with a_=4.896(1) A, and
likely takes on a CsCl structure, with Cs atoms at the corners
of a simple cubic unit cell, and PO, H groups at the center. The
conductivity 1n the high temperature phase at 160° C. 1s
5.5x10 -3 Q'cm™', and the activation energy for proton
transport 1s 0.40+£0.01 eV, as shown by comparison in FIGS.
1d and 1e. These values suggest that proton transport 1s facili-
tated by rapid POsH group reorientations 1n the cubic phase of
CsH(PO,H), as 1s known to occur 1n the high temperature,
tetragonal phase of CsHSO,,.

Still another type of solid acid electrolyte material having
a tetrahedral anion 1s formed by K,CrO, demonstrating the
interchangeable nature of sulfates and chromates. Chromates
have also been shown to exhibit the same tetrahedral disorder
at elevated temperatures that sulfates do, and theretfore, the
tetrahedral solid acid species may also be chosen from the
mixed chromate species of the general form: MH,_
(CrO,),_(PO,),, where M 1s any alkaline metal or other
functional group having a +1 charge, such as, Li* . . . Cs™,
NH,*. Mixed sulfate/phosphate compounds have been syn-
thesized with superprotonic phase transitions temperatures
lower than the compound end members. For example, 1n
Cs, HSO,H,PO, the superprotonic phase transition 1s at 90°
C., as compared to CsHSO_, at 141° C. and CsH,PO_, at 230°
C. The lowered phase transition temperature in the analogous
chromate/phosphates compound helps prevent problematic
dehydration of the phosphate above the superprotonic phase
transition temperature, and by replacing sulfate with chro-
mate, reduction of the sulfate to H,S 1 a fuel cell environ-
ment 1s avoided.

In another alternative embodiment, the invention 1s
directed to solid acid electrolyte compounds that contain an
octahedral polyanion. In this class, materials such as KPF
form structures in which disorder 1s sustained at slightly
clevated temperature. However, such materials contain no
protons. By replacing the PF . polyanion with SiF . or GeF,,
protons can be introduced for charge balance reasons. It 1s
also noteworthy that unlike their sulfate and phosphate cous-
ins, these salts and acids are insoluble 1n water. Accordingly,
the solid acid may be chosen from fluorosilicates and germi-
nates of the general form: MHSi1F . and MHGeF ., where M 1s
any alkaline metal or other functional group having a +1
charge, such as, Li* . .. Cs™, NH,.

Alternatively, the known structural transition in com-
pounds such as KPF to a disordered state can be taken advan-
tage of for proton transport by partial (rather than complete)
chemical substitution of the PF, anion by SiF, or GeF..
Because proton incorporation accompanies the substitution,
high conductivity in the high-temperature disordered phase
can be obtained. . Accordingly, in this alternative embodi-
ment of the solid acid, the solid acid electrolyte material may
be chosen from mixed phosphosilicates and phosphoger-
manates of the general form: MH_(P,__S1 )F.and MH_(P,__
Ge, )F., where M 1s any alkaline metal or other functional
group having a +1 charge, such as, L.i7 . .. Cs™, NH,".

In still another embodiment, the solid acid may have an
octahedral anion group according to: AlF.. Exemplary
embodiments of such compounds would be MH,AlF, and
M,HAIF ., where M 1s any alkaline metal or other functional
group having a +1 charge, such as, Li* . . . Cs™, NH,™; or
M'HAIF ., where M' 1s +2, where M' 1s any alkal1 or transition
metal having a +2 charge, such as Mg~* . . . Ba®*, Pb>*. Other
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embodiments would also include mixtures of the above spe-
cies with MHS1F ., MHGeF . and MPF ..

The preferred material for any specific electrochemical
device depends on the application. For example, the preferred
species may depend on the needs of a device, such as, high
conductivity, low cost, thermal stability or chemical stability,
etc.

Although the conductivity of the above-recited solid acids
1s described as purely protonic, these solid acid electrolytes
can be made to conduct both electrons and protons depending
on the choice of the M cation and the X element 1n the anion
X0O,, XO, or XF portion of the above chemical formulae. For

example, by using a given amount of a variable valence ele-
ment, such as, Pb or In for M, or Cr or Mn for X, the solid acid

can be made to conduct electrons as well as protons.
The 1nvention 1s also directed to methods of forming the
superprotonic solid acid electrolyte materials described

above. The synthesis of the stable, high-conductivity solid
acid compounds derives from the Applicants’ recognition that
degradation of conventional solid acid materials, such as
CsHSO,, occurs via the reduction of sulfur under hydrogen to
yield H,S. This reduction reaction 1s normally slow, even at
tuel cell operation temperatures of ~100° C., however, 1t 1s
highly accelerated in the presence of typical fuel cell cata-
lysts.

However, Applicants have discovered that such reduction
reactions can be eliminated by replacing the S (or Se) of
conventional superprotonic solid acids with elements such as
S1 and Ge, as H,S1 and H,Ge are extremely unstable and
unlikely to form. Thus, target analogies to CsHSO, and
CsH,PO, are, for example, LaHS10, and BaH,S10, etc.

An additional benefit of such compounds, in cases where
alkaline earth or rare earth metals are incorporated rather than
alkali metals, 1s that the resultant compound 1s water
insoluble. In cases where alkali metals are utilized, new sto-
ichiometries such as Cs,H,S10,, can be probed.

However, 1n general, acid silicates and germanates are
more difficult to synthesis than the analogous sulfates and
phosphates both because of the insolubility of the former
group ol compounds 1n water, and because of their tendency
to form polymerized structures (with Si—0O—S10or Ge—0O—
Ge linkages) rather than crystallizing with 1solated XO,
groups.

Accordingly, 1n a first exemplary embodiment, one method
of synthesizing such solid acid electrolyte materials begins
with the synthesis of known acid silicates and germanates.
Most such compounds contain small alkali or alkaline earth
ions. In order to prepare crystalline compounds incorporating
large cations (which are necessary for high proton conductiv-
ity) the same synthesis procedures are followed with the
exception that one or more of the reactant maternals 1s
changed, for example, replacing NaOH with CsOH to yield a
cesium acid silicate or germanate.

In a second exemplary approach to large cation silicates
and germanates an 1on exchange reaction 1s carried out on
known compounds. That 1s, Na can be replaced 1n a known
acid silicate with Cs by soaking the original material 1n mol-
ten CsOH.

In a third exemplary approach compounds containing L1
rather than H are formed, and then an 1on exchange reaction 1s
carried out in an acid media. For example, the compound
LalL1S10, 1s known, the lithtum can be replaced with protons
using an acid that will not dissolve the base material.

EXAMPLES

Several exemplary chemically stable superprotonic solid
acids have been synthesized according to the above methods
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including: NaCaHS10,, BaH,.S10,, SrH.GeO, and
Na,H,S10,.xH,O. Synthesis methods employed tor each are
as follows:

Example 1

CsH(PO,H): The compound CsH(PO,H) was synthesized
from aqueous solutions of cesium carbonate and phosphorous
acid 1n which the Cs:PO;H mole ratio was fixed at 1:1. Just
enough water was added to ensure complete dissolution, and
then the solution gently heated to induce H,O evaporation

and precipitation of the product. The resultant material was
separated from the mother liquor by filtering and rinsed with
acetone.

Example 2

NaCaHS10,: combine NaOH, Ca(OH), and S10, (1n a
3:2:2 molar ratio) with a few drops of water and place 1n a
thermal bomb at 280° C. for 48 hours. (B. G. Cooksley and H.

F. W. Tayer, Acta. Cryst. B30 (1974) 864-867.)

Example 3

BaH,S10,: dissolve NaOH and Na25103 in hot deionized
water and then add aqueous BaCl, (mole ratio of

Ba:S1=1.2:1) to induce precipitation of the desired prod-
uct. (G. Kruger and W. Wieker, Z. Anorg. Allg. Chem.
340 (1965) 227-293.)

Example 4

SrH,GeO,: combine Sr(OH), and GeO, (in a 1:1 molar

rati0) and place 1 a thermal bomb at 280° C. for several
days; or, mix Sr(OH), and GeO, (1na 1:1 molarratio) in
hot water to induce formation of the desired product. (H.
Nowotny and G. Szekely, Monat. Chem. Ver. Ieile Wis-
senshft. 161 (1952) 568-382.)

Example 5

Na,H,S10,.5H,0: dissolve NaOH and Na,S10, 1n hot

deionized water (mole ratio of Na:S1=4.635:1) and slowly
evaporate excess water to induce crystal growth of the
desired product. (P. B. Jamieson and L. S. Dent Glasser,
Acta Cryst. 20 (1966) 373-376.)

Diffraction patterns of the resultant materials were then
used to confirm that the desired products were obtained,
although it should be understood that 1n some cases minor
amounts of impurity phases will be present. The thermal
behavior of the two exemplary dihydrogen silicates according,
to the invention, BaH,S10, and Na,H,S10,.5H,0O has been
ivestigated, and these compounds have been shown to be
stable to ~320° C. (decomposition) and 70° C. (melting),
respectively. (G. Kruger and W. Wieker, Z. Anorg. Allg.
Chem. 340 (1965) 227-293; 1. Flesche, B. Ketterer and R. L.
Schmid, Thermochim. Acta’77 (1984) 109-121). The remain-
ing two compounds, NaCaHS10,, and SrH,GeO, were char-
acterized by the Applicants by thermal methods (thermo-
gravimetry and calorimetry) and all four compounds were
examined by impedance spectroscopy to evaluate their suit-
ability as fuel cell electrolytes. In the case of the sodium
calcium acid silicate, H/D 10n exchange and subsequent con-
ductivity measurements were additionally performed to
establish the nature of the charge-carrying species.

The results in FIG. 2, show thermal gravimetric curves of

NaCaHS10, and SrH,GeO,, and show that the silicate com-
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pound undergoes a gradual weight loss from room tempera-
ture to 460° C. of ~1%, then a rapid decomposition, giving
rise to an additional 3.5% weight loss by 560° C., with a
maximum 1n the weight loss rate at 505° C. The overall
weight change corresponds to 0.42 moles H,O (per mole
NaCaHS10), which 1s close to the expected value of 0.5
moles. In contrast, SrH,GeO, undergoes a rapid weight loss
centered at 315° C., which begins at 295° C. and 1s essentially
complete by 335° C. The total weight change of 9.6% corre-
sponds to 1.2 moles of H,O (per mole SrH,GeO,, ). That this
value 1s greater than the expected value of 8.0% (1 mole
H,O/5rH,GeQO,) suggests that the mitial weight loss over the
temperature range 70-295° C. of 1.6 wt % corresponds to the
loss of surface water. These results show that the NaCaHS10,
and SrH,GeO, compounds exhibit relatively good thermal
stability to ~400° C. and 280° C., respectively.

Calorimetric measurements (results not shown) indicated
that none of these compounds undergoes a structural phase
transition. That 1s, no sharp transitions to a superprotonic
phase were observed. Rather broad thermal events corre-
sponding to dehydration as established from the gravimetric
measurements, were obtained.

The conductivities of the compounds in Examples 1 to 3
are shown 1 FI1G. 3. As shown, the sodium silicate could only
be measured over a limited temperature range, but exhibits
the highest conductivity of the four compounds at close to
ambient temperatures, 1.3x107° Q'cm™" at 50° C.

In the case of the NaCaHS10, compound, the possibility
that charge transport occurs, at least 1n part, by the motion of
sodium 10ns cannot be a priori ruled out. A comparison of the
conductivities of the as-synthesized material and the deuter-
ated analog (exposed to hot DO for several hours) shows the
deuterated material to be a much poorer conductor, as shown
in FIG. 4, signifying that protons/deuterons are indeed the
mobile species. Indeed, the one order of magnitude difference
in the two conductivities, which 1s greater than what can be
casily explained changes in either jump frequency or zero
point energies, rules out the possibility of measurable alkali
ion contributions to the conductivity. In addition, examina-
tion of the material post-deuteration by X-ray powder difirac-
tion confirmed that structural changes had not taken place.

More significant than the conductivity 1s the stability of
these silicates and germanates. As shown 1n FIG. 5, the ther-
mal gravimetric behavior of NaCaHS10,, SrH,GeO,, and
CsHSO, under flowing hydrogen gas and 1n the presence of a
Pt catalyst material are compared. It 1s immediately evident
that while the sulfate undergoes a dramatic weight loss under
these conditions, both the silicate and germanate are quite
stable. Similar results under methanol vapor (in the presence
of Pt—Ru catalyst) were obtained, with NaCaHS10,, exhib-
iting good stability and CsHSO,, exhibiting immediate weight
loss, as shown 1n FIG. 6.

The greatest success of the direct synthesis route has been
in the preparation of new single alkali silicates, 1n particular
those containing cesium. The reaction of CsOH with S10,
(4:1 molar ratio) at 900° C. yielded a highly crystalline prod-
uct, but one which likely did not contain acid protons. Reac-
tion of these two starting materials (2:1 molar ratio) 1n a
thermal bomb at 280° C. also yielded a highly crystalline
product. This second product, however, has a markedly diif-
terent diffraction pattern than the first, and the synthesis con-
ditions suggest that the material contains acid protons. The
thermal gravimetric curves of these two materials, cestum
silicate #1 and cesium silicate #2, are shown 1n FIG. 7.

The first material 1s thermally stable to 800° C. (with the
exception of a small weight loss due to the desorption of
surface water adsorbed post-synthesis), which 1s consistent
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with the absence of acid protons. The second material 1s
thermally stable to only ~400° C., consistent with the pres-
ence of acid protons.

Although the conductivities of these maternials, as shown in
FIG. 8, are not as high as the acid sulfates, the increased
stability of the materials and the relatively high conductivity
shows great potential as an electrolyte material.

Likewise, synthesis of new acid silicates by 10n exchange
of the alkali species in NaCaHS10,, yielded results which are
summarized 1n Table 1, below, along with the appropriate
reaction conditions.

TABLE 1

Ion Exchange Experiments

5

10

12

Although the above discussion has focussed on processing
pure solid acid electrolyte materials, because of the mechani-
cal difficulties described above, 1n one embodiment of the
invention the solid acid electrolyte materials are processed as
a composite 1n which the solid acid 1s embedded 1n a support-
ing matrix. In such a composite, the solid acid 1s 1n its super-
portonic state, exhibits high conductivity, and provides the
desired electrochemical properties, whereas the support
matrix provides mechanical support, and 1t may also serve to
protect the solid acid from water 1n the environment. In such
an embodiment any suitable matrix material may be utilized

Solvent Temp, ° C. Crucible/Bomb Time Product

4M CsOH 220 Teflon bomb 19 days amorphous
CsOH 200 Al,O;crucible 16 hrs  small change
CsOH 300 Al,O;crucible 2 hrs  amorphous
RbC,H;0, 2770 Al,O;crucible 14 hrs  negligible change
KC5H;05 340 Al,O;crucible 20 hrs  small change
KC,>H;0, 305 Al,O;crucible 2 hrs  negligible change
KH->PO, 290 Al,Ojcrucible 4 hrs  new phase

4M KOH 280 Teflon bomb 13 days new phase

KOH 400 Al,O;crucible 4 hrs  amorphous

*change in conductivity

As shown 1in FIG. 9, whereas in some cases the 1on
exchange process produced little eflect on the NaCaHS10,,, 1n
others 1t resulted 1n the crystallization of completely new
phases. In general, the change 1n conductivity induced by the
ion exchange was less than an order of magnitude. However,
it should be noted that exposure of NaCaHS10, to molten
potassium acetate (IonEx-5) results 1n an increase 1n conduc-
tivity of two orders of magnitude, without inducing signifi-
cant changes to the crystal structure.

The final route for the preparation of new alkal1 acid sili-
cates and germanates, that involving proton exchange from L1
contaiming compounds, 1s described with reference to the
compounds [.1,510, and Lal.1S10,, which have been success-

tully synthesized, both by solid state reaction following the
procedures outlined by Pteifler (J. Nucl Mat. 257 (1998)

309-317) and Sato et al. (Solid State Ionics 83 (1996) 249-
256), respectively. The synthesis of these and other com-
pounds indicate that direct synthesis of acid silicates requires
more extreme hydrothermal conditions, 1.e., higher pressures
and temperatures. However, the 1on exchange methods
(which have led to an 1increase in the conductivity of NaCaH-
S104 by two orders of magnitude) show excellent results.

Although the above discussion has focussed on the solid
acid electrolyte materials 1n their raw form, 1t should be
understood that for integration into electrochemical devices
the solid acid electrolyte materials of the current invention are
preferably formed into membranes (MEASs). Accordingly,
this invention 1s also directed to methods of fabricating mem-
branes from the solid acid electrolyte materials described
herein.

Fabrication of thin, high density solid acid membranes
generally entails the simultaneous application of high tem-
peratures and pressures (uniaxial ). Applicants have found that
application of pressures of ~700 ps1 and temperatures of
~190° C. yield transparent membranes of CsHSQO,,, as shown
in FIGS. 10a and 105. Specifically, FIG. 10a shows the image
of hot pressed CsHSO,, with a sample thickness of 320 um
mounted 1n copper plate under reflected light, and FIG. 105
shows the material with light shiming from behind emphasiz-
ing translucency.

Sample # Ao*

IonEx-1 |
[onEx-2 n/a
[onEx-3 |
lonEx-4 n/a
[onEx-5 1
[onEx-6 n/a
[onEx-7 |
[onEx-8 |
lonEx-9 n/a

30

35

40

45

50

55

60

65

which would provide sufficient mechanical and/or chemical
support, such as, for example, a polymer, a ceramic, or an
oxide glass.

Accordingly, 1n one embodiment composite membrane of
solid acids according to the invention and a simple structural
polymer, such as polyvinylidene fluoride may be prepared by
simple melt-processing, where the two components are
lightly ground together and then hot-pressed at 180° C. and 10
kps1 for 15 minutes. The greatest difficulty often encountered
with this method 1s 1n removing the electrolyte from the hot
press without introducing cracks, and the method has a limi-
tation that the thinnest membranes that can be fabricated by
the method of hot-pressing 1s ~200 um. For non-polymeric
matrix materials, the mixture of the two components 1s then
hot pressed, preferably at a temperature which causes the
solid acid to melt and flow, to yield a dense composite mem-
brane.

In another example, the invention 1s directed to amethod of
forming thinner electrolytes 1n a stabilizing matrix. In one
such embodiment, the membrane may be formed by provid-
ing a thermoset polymer 1n a monomer or prepolymer form
and then polymerizing the polymer 1n situ with the solid acid.

In this method, the two materials are again ground together
and the polymerization/crosslinking catalyst agent 1s added.
Any suitable prepolymer may be used, such as, for example,
polyester resins. In one exemplary embodiment a solid acid
was ground and mixed with the prepolymer. The polymeriza-
tion catalyst was introduced and the mixture then poured onto
a plate and pressed into a thin film. The film thus produced
was then cured at 100° C. for approximately 2 hours.

In still another exemplary embodiment, the membrane may
be formed by suspension casting. In this embodiment, the
solid acid and matrix material are dissolved and/or dispersed
in an appropriate solvent system, such as a water/ethanol
solution. The membrane 1s then formed by casting the sus-
pension and allowing the solvents to evaporate. In addition to
polymers, membranes containing non-polymeric matrix
materials, such as ceramic or oxide glass, can be formed by
this method.
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According to the above discussion, the solid acid 1s mixed
with a supporting structure that 1s electrochemically unreac-
tive, to form a composite material. Because, the solid acids of
the current ivention, without judicious selection of the M
and X species, are inherently poor conductors of electrons,
these materials alone may only be utilized to provide proton
transport. However, in one embodiment of the invention the
matrix material has conducting properties such that the com-
posite membrane provides both electron and proton transport.

In a first embodiment, electronic conductivity 1s introduced
into the solid acid by preparing a composite, via any of the
above methods, comprised of the solid acid and a second
substance which has a high electronic conductivity. This sec-
ond substance may any suitable electronically conducting
matenal, such as, for example, a conducting polymer, such as
polyaniline; or a typical metal, such as copper; or graphite. In
cases where the electronically conducting material 1s a metal,
it may be further advantageous to provide a flexible and 1nert
material, such as a polymer, into the composite to serve as a
binder.

In a second embodiment, electronic conductivity 1s intro-
duced 1nto the solid acid by direct chemical substitution with
variable valence 1ons as described earlier. For example, a
portion of the phosphorous, silicon or germanium might be
replaced with 1ons that exhibit variable valence states, such as
manganese. Similarly, a portion of the alkali or alkaline earth
metals might be replaced with large variable valence 1ons
such as thallium, indium, lead and tin. The solid acid so
modified may be used 1n an electrochemical device directly or
may be combined with a supporting matrix material as a
composite as discussed above.

Although the above discussion has focussed on the solid
acid electrolyte materials of the current invention, and meth-
ods of forming such materials, the present invention 1s also
directed to electrochemical devices incorporating such mate-
rials and membranes. Embodiments of some exemplary
devices are shown in FIGS. 11 to 15.

FIGS. 11 and 12 show exemplary embodiments of a hydro-
gen/air fuel cell and a methanol fuel cell 10, in which the
proton conducting membrane 12 1s a solid acid electrolyte,
alone or 1n composite form, of the type described herein
sandwiched between two graphite layers 14. Because the
membrane 12 need not be humidified to operate, the fuel cell
system can be quite simple. For example, as shown, no
humidification system, normally required for conventional
tuel cell utilizing conventional electrolyte materials such as
Nafion, 1s required. In addition, less rigid temperature moni-
toring and control may be used 1n the fuel cell. Because the
solid acid based membrane need not be humidified, the tuel
cell may be operated at elevated temperatures, and such high
temperatures can enhance the kinetics of the electrochemical
reactions and allow the fuel cell to withstand higher concen-
trations of CO 1n the fuel. In contrast, conventional humaidi-
fied fuel cells cannot be operated above the boiling point of
water (100° C.).

Although use of the solid acid electrolyte materials in fuel
cells 1s an important application, such materials may also be
incorporated into various membrane reactors. For example,
the Pt-based catalyst 16 1n the hydrogen/air fuel cell shown in
FIG. 11 1s very sensitive to CO poisoning, particularly at
temperatures close to ambient. Therefore, 1n an indirect
hydrogen/air fuel cell, the hydrogen produced by the reformer
1s often cleaned of CO impurities before it enters the fuel cell.
Accordingly, 1n one embodiment, shown schematically in
FIG. 13, the material 1s shown incorporated into a hydrogen
separation membrane for the removal of CO and other gases
from hydrogen.
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In this embodiment, the hydrogen separation membrane 20
1s made of a proton conducting electrolyte 22 of the type
described herein, and 1s connected to a current source 24.
Hydrogen gas 26, mixed with other undesirable gases 27, 1s
introduced onto one side (inlet) 28 of the membrane and clean
hydrogen gas 26a 1s extracted from the other side of the
membrane. In this embodiment, application of current causes
the hydrogen gas to dissociate into H™ and e~. Because the
membrane conducts only protons, these protons are the only
species which can migrate through the membrane. The elec-
trons migrate through the current source to the outlet side 29
of the membrane, where the H™ combines with electrons from
the current source to form hydrogen gas. Such membranes are
substantially impervious to other gases and fluids. This over-
all hydrogen separation process 1s driven by the electric cur-
rent applied from the current source 24.

Another type of hydrogen separation membrane 1s shown
in FIG. 14. In this embodiment, the hydrogen separation
membrane 30 1s made of a mixed proton and electron con-
ducting membrane 36. Such a membrane might be made by
including, for example, a given amount of a variable valence
element, such as, Cr or Mn for X, to the solid acid, as
described above. Alternatively, the membrane may be made
as a composite 1n which the matrix substance may be an
clectronically conducting material, such as a conducting
polymer, such as polyaniline, or a typical metal, such as
aluminum or copper, or graphite.

Again, hydrogen gas 32, mixed with other undesirable
gases 34 1s introduced onto one side of the membrane 36, and
clean hydrogen gas 37 1s extracted from the other side of the
membrane. During operation, on the inlet 38 side of the
membrane 36 hydrogen gas is dissociated in H™ and e”.
Because the membrane 36 1s both proton conducting and
clectron conducting, both of these species migrate through
the membrane. Again, however, the membrane 1s substan-
tially impermeable to other gases and tluids 34. Hence, CO
and other undesirable gases or fluids cannot so migrate.
Meanwhile, the H™ and e~ recombine to form hydrogen gas.
The overall process 1s driven by the hydrogen chemical poten-
tial gradient, which 1s high on the inlet side of the membrane
and low on the outlet side 39 of the membrane.

Finally, 1n FIG. 15, schematic diagrams of membrane reac-
tors incorporating the electrolyte materials of the current
invention are shown. In FI1G. 15, a membrane reactor in which
a mixed proton and electron conducting membrane of the type
described above is utilized. The general reaction carried outin
this reactor follows the following form:

A+B—=C+H,.

Use of a mixed proton and electron conducting membrane
in this reactor can enhance the reaction, giving yields that
exceed thermodynamic equilibrium values. On the 1nlet side
of the membrane reactor 40, the reactants 41 form products C
42 and H, 44. Under equilibrium conditions, the hydrogen
concentration builds up and the forward reaction 1s slowed.
With the use of the mixed hydrogen and electron conducting
membrane 46, the hydrogen 44 1s immediately extracted from
the reaction region 48 via transport through the membrane
and the forward reaction 1s enhanced.

Examples of such reaction i which vyield could be
enhanced by using such a membrane reactor include:

1) The steam reformation of methane to produce syngas
according to:

CH,+1,0—-CO+31,
2) The steam reformation of CO to produce CO,, and H.,:

CO+H,0—CO,+H,
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3) The decomposition of hydrogen sulfide:

H,S—H,+S

4) The dehydrogenation of propane to polypropylene; and 5)
the dehydrogenation of alkane and aromatic compounds to
various products.

Although one exemplary embodiment of a membrane reac-
tor 1s discussed above 1n relation to FIG. 15, the membrane of
the current invention may be used in other reactions which
utilize either a proton or a mixed proton and electron con-
ducting membrane, such as, for example, 1n selective hydro-
genation reactions.

Although specific embodiments are disclosed herein, 1t 1s
expected that persons skilled 1n the art can and will design
solid acid electrolytes and electrochemical devices utilizing
such materials that are within the scope of the following
description either literally or under the Doctrine of Equiva-
lents.

What is claimed 1s:

1. A fuel cell comprising an electrolyte Membrane,
wherein the electrolyte membrane comprises a solid acid of
the general formula:

MH,; .(PO3A); (PO,),,

where
M 1s any alkal1 or transition metal or other functional group
having a +1 charge,

A 1s one of either F or H, and

X 15 less than 1.

2. The cell as described 1n claim 1, wherein M 1s selected
from the group consisting of: L1, Na, K, Rb, Cs, Fr, and NH,,.

3. The fuel cell as described 1n claim 1, wherein the elec-
trolyte membrane further comprises structural binder mate-
rials.
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4. The fuel cell as described 1n claim 3, wherein the struc-
tural binder material 1s a species selected from the group
consisting of: graphite, polymers, ceramics, glass, and met-
als.

5. The fuel cell as described 1n claim 1, wherein the elec-

trolyte membrane further comprises a separate conducting,
material.

6. The fuel cell as described 1n claim 5, wherein the con-
ducting matenial 1s selected from the group consisting of:
conducting polymer, metals and graphite.

7. The fuel cell as described 1n claim 1, wherein said solid
acid comprises at least one variable valence element.

8. The fuel cell as described 1n claim 1, wherein said
clectrolyte membrane 1s water soluble.

9. The fuel cell as described 1n claim 1, wherein said
clectrolyte membrane 1s thermally stable at temperatures
above 100° C.

10. The fuel cell as described 1n claim 1, wherein said
clectrolyte membrane conducts protons.

11. The fuel cell as described 1n claim 1, wherein said
electrolyte membrane has a proton conductivity of about 107
Q~'CM™ or higher at the temperature of utilization.

12. The fuel cell as described 1n claiam 1, wherein said
clectrolyte membrane conducts both protons and electrons.

13. The fuel cell as described 1n claim 2, wherein M 1s Cs.

14. The fuel cell as described 1n claim 1, wherein A 1s H.

15. The fuel cell as described 1n claim 1, wherein X 1s 0.

16. The fuel cell as described 1n claim 1, wherein the solid
acid 1s CsH(PO,H).

17. The fuel cell as described 1n claim 1, wherein M com-

prises more than one type of cation M species.
18. The fuel cell as described 1n claim 2, wherein M 1s K.

¥ ¥ H ¥ H
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